I undertook a behavioral study to determine red-cockaded woodpecker (Picoides borealis) home-range size at the Savannah River Site, South Carolina, USA. In this location, because much of the timber was harvested in the late 1940s and early 1950s, the available habitat largely consisted of younger trees (e.g., less than 45 years old), not generally considered prime habitat for this species. From 1992 to 1995, I observed seven groups of red-cockaded woodpeckers to determine year-round home-range size. Most of the previous home-range studies on this species used the minimum convex polygon approach to estimate the size of the home range. I compared the minimum convex polygon and fixed kernel home-range estimation methods for each group. I found that the fixed kernel method gave consistently smaller estimates of home range than did the minimum convex polygon, a result directly related to the methodologies of the techniques. Mean home-range sizes for the 95% level were 56.9 f 5.2 S.E. ha with the fixed kernel versus 91.9 & 11.7 S.E. ha with the minimum convex polygon. Core area (50%) means were 4.5 f 0.5 S.E. ha for the fixed kernel versus 16.7 f 2.4 S.E. ha with the minimum convex polygon. It is recommended that future home-range studies use the fixed kernel estimator rather than the minimum convex polygon as it gives a more realistic and appropriate depiction of the area actually used by the birds within a given group. In estimating the number of groups that may be accommodated in a particular area, the mean home-range size as well as its shape need to be considered. Home-range size estimates at the Savannah River Site were similar to those obtained elsewhere in the species' range. Red-cockaded woodpeckers, in spite of the prevalence of relatively young forest structure, did not increase their home-range size to compensate for the paucity of older, more mature pine habitat. Published by Elsevier B.V.
Introduction
The red-cockaded woodpecker evolved in fire-maintained pine ecosystems within the southeastern United States (Conner et al., 2001) . Primarily because of widespread modification and loss of its habitat and range, its apparent rarity, and decline in local populations, the U.S. Fish and Wildlife Service declared the species to be endangered in 1970 (35 Federal Register 16047, 13 October 1970 . By 1986, the population of redcockaded woodpeckers at the Savannah River Site, South Carolina, had dwindled to four birds. At that time an intensive effort was undertaken to try to prevent the species from becoming extirpated from the site, an effort that has proven successful (Franzreb, 1997) . Part of this effort entailed discovering more about the foraging behavior and home-range requirements of the bird at this location.
The majority of the Savannah River Site was harvested for timber in the late 1940s and early 1950s in the course of the sale of this land by private landowners to the Federal government. When this study began in 1992, most of the land on the site had been regenerated using several pine species. The resulting forest stands generally were less than 45 years old. Redcockaded woodpeckers use live pine trees as their primary foraging substrate (Hooper and Lennartz, 1981; Porter and Labisky, 1986) . Earlier habitat use studies in other portions of the species' range dealt primarily with areas that contained a substantially higher proportion of older (i.e., 60-80 year-old) and larger trees (Hooper and Lennartz, 1981; DeLotelle et al., 1987; Engstrom and Sanders, 1997; Zwicker and Walters, 1999; Walters et al., 2000 Walters et al., , 2002 in comparison with the tree distribution by age and size at the Savannah River Site. Would red-cockaded woodpeckers increase their home-range sizes to 0378 Modified from White and Gaines (2000) . a Derived from either single or combined forest types used by the USDA Forest Service. Area estimates are derived from 1997 Continuous Inventory of Stand Conditions (CISC) data from the Savannah River Site, with age classes modified to reflect stand ages in 1992. accommodate habitats that largely consisted of younger growth forest stands?
When this study began, the U.S. Forest Service (Region 8) standards and guidelines for the red-cockaded woodpecker specified maintaining 50 ha of foraging habitat per group (see U.S. Fish and Wildlife Service, 1985) . However, the 50 ha figure was not universally accepted and, in fact, was challenged (Ligon et al., 1986; Jackson, 1986; Reed et al., 1988) .
The objectives of this study were to determine year-round home-range size of red-cockaded woodpeckers at the Savannah River Site to determine if they were similar to those in areas of more mature forest stands and to derive a home-range size. In addition, I wished to compare two home-range sampling methods, the widely used minimum convex polygon method (Mohr, 1947) and the fixed kernel estimator method (Worton, 1989) . There is widespread use of the minimum convex polygon approach in red-cockaded woodpecker home-range studies, but its limitations make for an interesting comparison with the recently developed fixed kernel method. Further, I wished to determine if home-range sizes at the Savannah River Site were different than seen elsewhere within the species' range considering the availability and distribution by age and size class of pines trees for foraging. Lastly, I wanted to assess how the shapes of the home ranges differ among red-cockaded woodpecker groups in this area.
Methods and materials

Study site
The Savannah River Site, a National Environmental Research Park, lies within the Upper Coastal Plain Physiographic Region in Aiken, Allendale, and Barnwell counties in South Carolina. In the early 1950s, the land now known as the Savannah River Site was purchased by the Department of Energy (DOE) to be developed into a nuclear production facility. At that time, most of the site was in agricultural use or had been harvested for timber. Since 1952, the U.S. Department of Agriculture Forest Service has managed the natural resources of the site for DOE under an interagency agreement. The area managed for woodpeckers contains 3 1,970 ha of pine forest consisting of longleaf (Pinus palustris) (37.7% of the pine acreage), loblolly (l? taeda) (45.4%), slash (l? elliotii) (13.4%), and other pines (0.2%), in addition to pine-hardwoods (3.3%) (Gaines, U.S. Forest Service, unpublished data). The site contains some residual older pine trees, although the majority of pine stands now present are the result of replanting efforts undertaken in the 1950s. In 1992, when this study began, the majority (88.3%) of hectares replanted in pine on the site were less than 45 years old (Table 1) .
Red-cockaded woodpecker observations
Each red-cockaded woodpecker on the site was banded with a unique set of colored, plastic leg bands for field identification and also with a numbered aluminum leg band provided by the U.S. Geological Survey. I obtained the necessary endangered species permits and banding permits from the U.S. Fish and Wildlife Service, U.S. Geological Survey, and State of South Carolina.
In this study, I used the definition of home range given by Wilson (1975) as, "an area that an animal learns thoroughly and habitually patrols" in contrast to a territory which is an "area occupied more or less exclusively by an animal or group of animals by means of repulsion through overt defense or advertisement."
I selected seven groups of red-cockaded woodpeckers on the Savannah River Site for intensive observation of their foraging behavior and other activities. Groups were randomly selected for study from those groups in which pairs maintained home ranges for at least the previous 2 years to maximize the likelihood that the group would persist throughout the course of the entire study period. Each group consisted of a breeding male and breeding female and often at least one helper bird. For groups 3 and 6, there was no turnover in either member of the breeding pair. For five of the seven groups, the male breeder remained the same. The breeding female varied from a group that had no turnover during the study, to changing every breeding season (group 2). During most years, group compositions included at least one helper and there was no group that did not have a helper in at least one of the years.
Observations of individuals were obtained from 5 May 1992 to 26 July 1995. For each observation, the bird's location was determined using a global positioning system (GPS) Trimble Pathfinder Professional (use of brand names does not convey any recommendation by the U.S. Forest Service). Observations were obtained for all members of the red-cockaded woodpecker groups. Group members tend to forage close to one another and may even forage in the same tree concurrently. Data were collected during all seasons of the year and all times during the day and were analyzed collectively for each group. Sequential observations were at least 15 min apart to minimize interdependence of subsequent observations (Hejl et al., 1990) . Porter et al. (1985) reported that a 15-min interval between sequential observations of the same red-cockaded woodpecker was sufficient to consider the observations independent. Birds were observed from the time of leaving the roost cavity in the morning until, if possible, they returned to their cavities at night.
2.3. Estimation of home-range size and shape I calculated overall home-range size for each red-cockaded woodpecker group using both the minimum convex polygon (Mohr, 1947) and fixed kernel (Worton, 1989) estimators. The minimum convex polygon typically is constructed by connecting the outermost points of a set of locations. As the 100% minimum convex polygon includes all observations, it contains some locations that may be considered "outliers", that is, points that represent areas that were infrequently used by the birds. I considered the outermost 5% of the point locations to be outliers. The fixed kernel technique was selected because it is considered the most robust of the various home-range estimators (Seaman and Powell, 1996) . I calculated 95 and 50% (core) home-range sizes for the minimum convex polygon and fixed kernel estimators using the Animal Movement Extension (Hooge and Eichenlaub, 2000) to ArcView 3.2 (ESRI, 1997). I also estimated a 100% minimum convex polygon value so that I could compare my results with those of several other studies (S korupa and McFarlane, 1976; Hooper et al., 1982; DeLotelle et al., 1987; Jackson and Parris, 1995; Engstrom and Sanders, 1997; Hardesty et al., 1997; Doster and James, 1998; Walters et al., 2002; Convery and Walters, 2004) . Although there are numerous ways to define and calculate "core" areas (see Samuel et al., 1985) , I used the definition of Cimino and Lovari (2003) as those areas encompassing 50% of the animal's activity observations. I obtained the Schoener ratio for each group's location data (Schoener, 1981) using the Animal Movement Extension home-range program. Schoener's ratio (t2/?) estimates the degree of temporal autocorrelation, where t2 is the meansquared distance between successive observations and r2 is the mean-squared distance between each observation and the geometric center of activity. Data with a ratio near 2 are considered independent (de Solla et al., 1999). If t2/? is less than 2, this would indicate that the sequential observations are positively serially correlated (de Solla et al., 1999) , which may result in a negative bias and the resulting home-range value is likely to be an under-estimate of the true home-range size (Swihart and Slade, 1985a) .
The kernel density estimator can be thought of as a series of raised areas placed over the fixes or locations of the observations, whereby the kernel function determines the shapes of the raised areas and the smoothing parameter determines their width (Silverman, 1986) . This utilization distribution is a probabilistic model of home range that describes the relative amount of time that an animal is found in a particular place. As defined by Van Winkle (1975) , the utilization distribution derived from the locations of an animal is ". . .the two-dimensional relative frequency distribution for the points of location of an animal over a period of time." Hence, the utilization distribution is defined by a probability density function, which describes how an animal uses the space within its home range and is the time an animal spends in a particular area. Smoothing parameters for fixed kernels were determined by least squares cross-validation (Seaman and Powell, 1996) and grid size was selected automatically by the home-range program. Kernel methods use a distribution function (the kernel probability matrix) to estimate the probability of finding an animal in a particular location, and then create the boundaries for the home range by connecting sites of equal probability (Worton, 1989) . It is believed that at least 20 (Powell et al., 1997) or 30 (Seaman et al., 1999) locations or fixes are required for dependable fixed kernel estimates of home-range size.
To determine whether the shapes and degree of compactness of the home ranges and core areas differed among groups and the estimator selected, I used ArcView GIs to measure the perimeter of each home range, including cases where the home range consisted of several discrete areas. If two home ranges have the same area, the more compact one will have a smaller perimeter. The most compact shape for a home range is a circle as it contains the maximum area that a given perimeter can encompass. For each home range, I used the measured perimeter to calculate the area that this perimeter could contain if it were a circle. I then derived a "compactness ratio" by taking the actual home-range size and dividing it by the area of a circle obtained using the given perimeter. The compactness ratio has a maximum value of 1 .O. The higher the compactness ratio for a home range, the more similar the shape of that home range is to a circle, indicating a more compact configuration. I obtained a mean compactness ratio for all home ranges with the 100, 95, and 50% minimum convex polygon and 95 and 50% fixed kernel estimators.
Results
Minimum convex polygon and home-range shape
The number of locations per group ranged from 773 to 891 with a total of 5874 observations for all groups (Table 2) . Mean sample size of locations per group was 222.3 in 1992,265.3 in Table 2 Home range and core area estimates for seven red-cockaded woodpecker groups in South Carolina using 50, 95, and 100% minimum convex polygon estimators
Group
Home range 100% Minimum convex polygon 1993, 296.9 in 1994, and 55.0 in 1995. The sample size was smaller in 1995 than the previous years because the field data collection was concluded part way through the year. Schoener's ratio varied from 0.27 to 0.57. Using the 100% minimum convex polygon for the entire study period, home-range size ranged from 73.7 ha for group 7 to 203.3 ha for group 6 (Table 2) , with an overall mean homerange size of 153.4 f 19.0 (S.E.) ha (Table 2) . When 5% of outliers were excluded from the data set, mean home-range size decreased to 91.9 f 11.7 ha, and ranged from 5 1.2 to 122.9 ha (Table 2) . Thus, eliminating the outliers reduced the homerange size by approximately 40.0%. The mean home-range size of the core area, containing one-half of the observations, was 16.7 f 2.4 ha for the seven groups, which was 89.1 % less than the mean 100% minimum convex polygon home-range estimate. Estimates of home-range size using the 50% minimum convex polygon ranged from 8.5 to 26.9 ha.
The perimeter of the 100% minimum convex polygon home ranges ranged from 3365.3 to 5867.8 m, with a mean of 4822.1 f 356.4 m ( Table 2) . With the 95% minimum convex polygon, the mean perimeter was 3472.8 f 242.4 m. The perimeter of the 50% minimum convex polygon averaged 1448.4 f 100.5 m ( Table 2 ).
The smallest compactness ratio occurred for group 2 (0.73) using the 100% minimum convex polygon and the highest occurred in groups 1 (0.98) and 3 (0.98) using the 50% minimum convex polygon ( Table 2 ). The mean compactness ratio (0.81 f 0.024) was the smallest for the 100% minimum convex polygon, intermediate for the 95% minimum convex polygon (0.94 f 0.009), and highest for the 50% minimum convex polygon (0.97 f 0.002) ( Table 2) .
Fixed kernel estimator and home-range shape
Home-range estimates using the 95% fixed kernel ranged from 34.9 ha for group 2 to 73.3 ha for group 4 (Table 3 ). The mean home-range size for all groups was 56.9 f 5.2 ha. With the 50% fixed kernel, home-range sizes ranged from 2.3 ha for group 3 to 5.9 ha for group 5 (Table 3 ). The mean home-range size for all groups using the 50% fixed kernel was 4.5 f 0.5 ha, which was 92.1% less than the mean for the 95% fixed kernel.
For the 95 and 50% fixed kernel method, the mean perimeters were 4872.9 f 493.2 and 972.4 f 122.7 m, respectively (Table 3) . Home ranges calculated using the 50% fixed kernel were considerably more compact than those derived from the 95% fixed kernel based on the compactness ratio (mean = 0.68 f 0.096 for the 50% versus mean = 0.33 f 0.043, for the 95% fixed kernel) (Table 3) .
Comparison of estimators
In comparing estimators, the minimum convex polygon consistently produced larger home-range estimates than did the fixed kernel approach (Tables 2 and 3 ). For each of the groups, the 95% minimum convex polygon provided larger estimates of home-range size than did either the 95% fixed kernel, 50% Tables 2 and 3) . Only in the case of groups 1 and 7 did the boundaries and area encompassed by the 95% minimum convex polygon approximately coincide with those of the 95% fixed kernel. For other groups, especially groups 2 and 6, the area circumscribed by the 95% fixed kernel was considerably smaller than that of the 95% minimum convex polygon. For six of the seven groups, the 95% fixed kernel had discontinuous boundaries and consisted of two or more discrete components. For the core areas (50% fixed kernel), five of the groups had only one discrete area, but group 1 had four discrete components (Figs. 1-7) . The 95% fixed kernel estimator had the smallest mean compactness ratio followed by the 50% fixed kernel estimator. Regardless of the minimum convex polygon estimator used (50, 95, or loo%), the resulting home-range shapes were consistently more compact than those obtained using the fixed kernel (Fig. 8, Tables 2 and 3 ).
Discussion
Home-range sizes
Several other studies have examined the year-round home ranges of red-cockaded woodpeckers and found them to range from 40.5 to 161.9 ha based on a variety of methodologies Fig. 1 . Home-range boundaries of red-cockaded woodpeckers in group 1 at the Fig. 2 . Home-range boundaries of red-cockaded woodpeckers in group 2 at the Savannah River Site, S.C. obtained using four home-range estimators (50 and Savannah River Site, S.C. obtained using four home-range estimators (50 and 95% minimum convex polygon and fixed kernel techniques).
95% minimum convex polygon and fixed kernel techniques). Engstrom and Sanders (1997) calculated a mean year-round home range of 47.1 ha for seven groups in Georgia (range = 23.2-61.9 ha) using a 95% minimum convex polygon. On the Ouachita National Forest in west-central Arkansas, Doster and James (1998) mapped convex polygons and found that home ranges ranged from 17.1 to 42.5 ha. Jackson and Fig. 4 . Home-range boundaries of red-cockaded woodpeckers in group 4 at the Fig. 6 . Home-range boundaries of red-cockaded woodpeckers in group 6 at the Savannah River Site, S.C. obtained using four home-range estimators (50 and Savannah River Site, S.C. obtained using four home-range estimators (50 and 95% minimum convex polygon and fixed kernel techniques).
95% minimum convex polygon and fixed kernel techniques).
studies were of shorter duration, it is likely that the longer time frame resulted in larger home-range estimates for the groups at the Savannah River Site. A few studies used an estimator other than the minimum convex polygon to determine red-cockaded woodpecker homerange sizes. Convery and Walters (2004) followed 23 groups during the non-breeding season at Camp Lejeune, North Carolina. They found a mean home-range size of 103.0 f 6.3 S.E. (range = 60.7-168.8 ha) using the 95% minimum convex polygon and a mean of 80.2 f 5.3 S.E. (range = 39.0-145.4 ha) with the 95% fixed kernel estimator. Their analysis methodology was similar to mine in that they used the animal movement analysis extension and ArcView GIs and the least squares cross-validation approach. Home ranges were considerably smaller in my study area versus the Camp Lejeune study, which may reflect habitat quality. In a 2-year study, Hardesty et al. (1997) reported home-range estimates for 25 groups of red-cockaded woodpeckers on Eglin Air Force Base in northwest Florida. With the minimum convex polygon, they found that home-range size ranged from 5 1.6 to 240.8 ha Fig. 7 . Home-range boundaries of red-cockaded woodpeckers in group 7 at the Savannah River Site, S.C. obtained using four home-range estimators (50 and (mean = 1 1 1.5 f 8.96 S.D.). Combining both years, they noted 95% minimum convex polygon and fixed kernel techniques). that in 37 of 39 instances the minimum convex polygon gave larger estimates than the kernel method (Hardesty et al., 1997) . In a study conducted in the North Carolina Sandhills, Walters Parris (1995) reported that for three groups in Louisiana, the et al. (2002) found that home-range size for 30 groups of redmean home ranges were 135 ha pre-timber harvesting (range cockaded woodpeckers over a 2-year period averaged 126.2 ha = 109-170 ha) and 253 ha post-timber harvesting (range = (range = 83.8-232.1 ha) using the 95% rninimum convex 115-413 ha) using the minimum convex polygon. The only polygon and 83.6 ha (range 56.3-128.7 ha) using the 95% fixed other home-range study conducted at the Savannah River Site kernel method. The results of these three studies are similar to followed two groups of red-cockaded woodpeckers and mapped polygons of the locations (Skorupa and McFarlane, 1976) . The maximum home range was 3 1.4 ha for one group and 33.6 ha for the other (Skorupa and McFarlane, 1976) . These investigators all utilized some form of the convex polygon procedure. There was no consistency in how outliers were addressed or in how many of the observations were included (i.e., approaches ranged from using all observations to excluding areas of limited use and areas that were used by more mine in that the minimum convex polygon in almost all cases gave much higher home-range estimates than did the kernel method.
In comparing the boundaries of home ranges obtained using the 100% or the 95% minimum convex polygon to the 95% fixed kernel for the groups in my study, it is clear that the minimum convex polygon estimator included substantial areas that were not used or were rarely used by the birds. Thus, the minimum convex polygon in almost all cases provided an than one group).
overestimate of home-range size. The mean home-range size obtained using the minimum convex polygon method in my study (91.9 ha) was in the 4.2. Home-range shapes middle of the values reported for other studies. Because my study encompassed a 36-month period, whereas the other The compactness ratio expresses how closely the actual home-range shape approximates that of a hypothetical circular 95% MCP home range of the same perimeter length. The closer the
OK MCP
compactness ratio is to 1 .O, the more compact the home-range shape is as it more closely approximates the maximum size of a circle that can be derived from that perimeter. More compact home ranges with higher compactness ratios are more consolidated in comparison to home ranges that have either longer configurations and/or those that are more convoluted. In the case of the minimum convex polygon estimators, the most contributed to a more convoluted perimeter and, hence, a lower compactness ratio. Home ranges derived from the fixed kernel estimators, because they often consisted of multiple, discrete sections that were not contiguous (Figs. 1, 3-6 ), had higher compactness ratio values than those derived using the minimum convex polygon method.
Mechanics of home rage estimators
Within their home range or territory, animals generally move non-randomly. Hence, observers often must contend with autocorrelated data sets, which is especially true when frequent observations are obtained. Before home-range estimates are made, it is common to reduce or eliminate autocorrelation by subsampling (Worton, 1987; Ackerman et al., 1990; Kenward, 1992) . Some researchers have suggested that the possible bias of autocorrelated data can be reduced by increasing the sampling interval until all locations are statistically independent. However, this does not appear to be necessary. Reynolds and Laundre (1990) and Otis and White (1 999) have shown that increasing sampling effort in a particular time frame results in improved home-range estimates and, further, that demanding that all data be statistically independent would unnecessarily result in discarding biologically significant data. Location data that are obtained from sequential observations are more efficient to obtain and it has been found that the resulting homerange estimates do not differ significantly from estimates arising from independent locations (Anderson and Rongstad, 1989 ; Gese et a]., 1990). In addition, de Solla et al. (1999) determined that home-range estimates using the kernel estimator do not require independence of sequential observations and also that their precision and accuracy actually increased with decreasing intervals between sequential locations. Slade (1985b, 1997) concluded that homerange estimation based on the kernel method is relatively robust and that any negative bias arising from possible nonindependence of location was minor.
Obtaining independence in data points has been deemed less crucial than obtaining an adequate sample of the animal's movement (Kernohan et al., 2001) . Eliminating autocorrelated fixes from the data set obviously would reduce the sample size, but more importantly, would likely also adversely affect the biological significance of the results and reduce the accuracy of the home-range analyses. Schoener's ratio tests indicated that the data for each group of red-cockaded woodpeckers were autocorrelated. Based on the current information available on this subject, the 15 min interval between sequential location points in this study was deemed to not cause a problem with obtaining satisfactory home-range estimates. Moreover, the sample size in this study was large for each group, ranging from 773 to 891 observations. The substantial sample size helped to ensure that biologically meaningful home-range estimates were obtained.
Many wildlife studies report home-range estimates derived from more than one estimator (de Solla et al., 1999; Walters et al., 2002; Convery and Walters, 2004; Barg et al., 2005) . Usually one of the referenced estimators is the minimum convex polygon as it is easy to compare among studies and is the most frequently used method (Harris et al., 1990; White and Garrott, 1990) . The minimum convex polygon method provides an estimate of home-range size by determining the area of the smallest polygon formed by connecting the outermost locations. This process frequently provides overestimates of the home-range size because it includes so many unused areas (White and Garrott, 1990) as evidenced in the results of this study. Substantial disadvantages of the minimum convex polygon are that it is not capable of demonstrating how intensively different parts of the home range are used and that it is strongly influenced by the locations of the outermost points (Kenward, 1987) . Although the minimum convex polygon can be used to locate the areas with the highest density of observations (Michener, 1979; Kenward, 1987) , this requires repeatedly recalculating the home-range estimate after excluding a percentage of the outermost positions. As the number of observations increases, the size of the home range using the minimum convex polygon method usually increases too. Further, because it includes areas that are unused or rarely used, the minimum convex polygon is less suitable in terms of the biology of the species as a descriptive statistic (White and Garrott, 1990 ).
An advantage of the kernel method over the minimum convex polygon is how outliers affect the outcome. Because the kernel estimation method uses a utilization distribution with a probability level delineation (such as the 95% probability of occurrence), this method is relatively insensitive to the presence of outliers, which is not the case with the minimum convex polygon. Further, the use of kernel methods in preference to other techniques has been proposed because kernels are less biased by the chosen scale or grid density and can produce results that are more consistent (Worton, 1989; Kie et al., 1996) . Fixed kernel methods are believed to produce area estimates with little bias when using the least squares cross-validation approach to select the smoothing parameter (Seaman and Powell, 1996) .
Management implications
The choice of home-range estimator may have substantial implications regarding habitat management of red-cockaded woodpeckers. For example, if one wanted to estimate the number of groups that could be supported in a given area and used an inappropriate or unreliable home-range estimator, it is likely that the resulting estimate of the number of potential groups that could be supported would be grossly inaccurate.
Because of its many advantages as discussed earlier, I recommend using the 95% fixed kernel estimator. If the general area has fairly uniform, suitable habitat quality, the typical home-range configurations derived using the fixed kernel method are likely to consist of one discrete unit and be fairly compact in shape, with a relatively high compactness ratio. In such a situation, the manager/biologist may be able to reliably use the mean home-range size to estimate how many groups may be accommodated in the area being managed.
However, if the general area consists of a substantial amount of habitat of unacceptable quality, it is likely that the home-range configuration will have a more convoluted shape with a low compactness ratio as the fixed kernel estimator excludes areas with zero or low probability of use. For example, at the Savannah River Site, there were areas of suitable habitat mixed with areas of low suitability or unsuitable habitat. To manage for the typical home-range size of about 60 ha, it is necessary to take into consideration that these 60 ha are likely to be spread amongst multiple, discrete, non-contiguous areas. If one included the little used or unused areas in this situation, a group might fly over a much larger area, possibly 100 ha. It would be wise to factor the larger figure into any estimate of possible population size that an area could support.
The habitat within the home-range boundaries is invariably non-uniform, containing stands with trees of various pine species, sizes, and ages. Foraging red-cockaded woodpeckers respond to the available size and age classes of trees that are present in their home ranges and have been shown to prefer large, old trees in preference to small, young trees (Hooper and Lennartz, 198 1; Porter and Labisky, 1986; DeLotelle et al., 1987; Bradshaw, 1995; Jones and Hunt, 1996; Engstrom and Sanders, 1997; Hardesty et al., 1997; Zwicker and Walters, 1999; Walters et al., 2000 Walters et al., ,2002 Franzreb, 2004) . Although it is not known whether it is tree age, size, or both age and size that determine tree use by foraging red-cockaded woodpeckers, it is clear that birds do not visit pine trees of all sizes and ages with equal frequency.
On the Savannah River Site, I found that foraging redcockaded woodpeckers avoided trees <20.3 cm dbh, used trees 20.3-25.4 cm dbh in proportion to, or more than, their availability, and strongly selected or preferred trees that were 225.4 cm dbh (Franzreb, 2004) . A preference or selection is indicated by use that is greater than predicted on the basis of resource availability. Unlike the results of most of the other studies, red-cockaded woodpeckers at the Savannah River Site did not avoid trees in the middle size class (20.3-25.4 cm dbh), instead foraging in those trees in proportion to availability or at even higher rates. The Savannah River Site, including the seven home ranges in this study, was largely composed of regenerating stands of relatively young pine that were predominantly in the middle size class. Red-cockaded woodpeckers successfully reproduced in all seven of these home ranges (Franzreb, 1997) . Red-cockaded woodpeckers also have been shown to forage non-randomly with regard to tree age, in that they avoid younger trees and select trees in the middle-age, with a strong preference for older trees (Hardesty et al., 1997; Zwicker and Walters, 1999; Walters et al., 2000 Walters et al., , 2002 . In my study area, trees less than 29 years-of-age were avoided by foraging redcockaded woodpeckers, whereas trees 30-39 years old were used substantially more with respect to their availability, and trees 240 years-of-age were strongly preferred (Franzreb, 2004) . Red-cockaded woodpeckers on the Savannah River Site routinely foraged in trees that on average were much younger than those selected for foraging elsewhere in the range.
My results do not comport in their entirety with those of other workers as birds on the Savannah River Site foraged considerably more frequently in younger, smaller pine trees than has been regularly observed in other study areas, no doubt reflecting the age and size of pines that were available. The importance of my results is that red-cockaded woodpeckers apparently did not enlarge their home ranges to compensate for the relative paucity of older forest stands or larger, older trees.
To facilitate red-cockaded woodpecker management on the Savannah River Site, we are developing a model (RCWMOD) to predict species population size that integrates forest inventory data, future forest vegetation conditions, redcockaded woodpecker habitat standards (such as tree age and size of pine trees to determine suitable foraging habitat), and heuristic timber harvesting rules specific for this site through a spatially explicit GIs simulation (Franzreb, Parresol, Lloyd, Van Blaricom, in preparation) . The model includes a component that estimates current stand conditions, allows the stands to develop through time, and then harvests specific stands according to a set of rules and habitat constraints. RCWMOD provides a landscape perspective and long-term prediction of habitat, which is otherwise unavailable to land managers when making individual stand prescriptions. Using established criteria, we will predict spatially suitable foraging and nesting habitat for red-cockaded woodpeckers at periodic time intervals (5 years) up to 20 years. RCWMOD operates on a realistic and dynamic landscape and, therefore, permits alternative harvesting strategies to be evaluated relative to a given set of habitat standards.
To use RCWMOD one must be able to evaluate each stand in terms of whether it is acceptable for foraging red-cockaded woodpeckers. Therefore, the information described above regarding the use of pine trees of various ages and size classes specific for the woodpeckers on the Savannah River Site is critical.
In addition to information on foraging behavior, it is also critical to have an accurate home-range estimate to get meaningful output from RCWMOD. The model evaluates the stands immediately surrounding an actual or potential nest tree (one nest tree per group) and determines if the stand is acceptable for foraging woodpeckers based on the foraging results. Adjacent stands are sequentially evaluated and, if rated as suitable for foraging, are added to the total area until there is enough acreage to equal the mean home-range size. At this point this home-range area is then regarded as suitable and capable of supporting a woodpecker group. This process is repeated throughout the area managed for red-cockaded woodpeckers on the Savannah River Site. The manager1 biologist is able to set the mean home-range size for RCWMOD to use to generate the population estimate. Therefore, it is essential that the most appropriate home-range estimator is selected as the output of the model is largely dependent on the value used for the typical home-range size. Using the best home-range estimator, in this case the 95% fixed kernel, will increase the reliability and accuracy of the population size that the model generates. RCWMOD incorporates and relies upon the results of my research on this species on the Savannah River Site in terms of both foraging behavior, habitat selection, and home-range characteristics. The fixed kernel estimator provides the managerlbiologist with the tool to develop a realistic homeprimary field support and the rest of my hard-working field staff range size that is so crucial to the output of the model. whose efforts were crucial to the success of the red-cockaded woodpecker research at the site. I am grateful to K. . In of group 6 in this study (Fig. 6) . particular, I thank Dr. J. Blake, Savannah River Forest Station, Comparisons of home ranges and habitat use among different for his long-standing support of my research on the site. research studies could be misleading if different home-range estimators were compared. The programs used to compute home References ranges often use different default values and algorithms to arrive at a smoothing parameter, which may alter the outcome (Lawson and Rodgers, 1997) . The technique used should be clearly stated, including the particular program selected and the appurtenant values so that investigators can begin to get a better idea of how home ranges really differ within the geographic range of the species. With the advent of more sophisticated computer software to calculate home-range sizes and shapes, it would behoove investigators to use a more enlightened approach than the minimum convex polygon, which consistently overestimates the actual area used by the birds.
Home-range delineations often are associated with habitat selection studies to allow comparison of "used" versus "available" habitat to arrive at selection and preference information. If the minimum convex polygon is the technique subject for this species, is it likely that the home ranges so Austin, pa 363. Convery, K.M., Walters, J.R., 2004. Red-cockaded compensate for the relative paucity of older, more mature pine trees and the widespread presence of relatively young stands of pines by enlarging their home ranges. Further, the birds appeared to compensate, in part, by spending a larger proportion of time foraging in younger, smaller trees than what has been customarily observed elsewhere, demonstrating that rather than increase the home-range size, the birds displayed a substantial amount of flexibility in foraging behavior.
